12-Lipoxygenase (12-LOX) metabolizes arachidonic acid to 12(S)-hydroxyeicosatetraenoic acid, or 12(S)-HETE, a proinflammatory bioactive lipid implicated in tumor angiogenesis, growth, and metastasis. The mechanisms underlying 12-LOX-mediated signaling in cancer progression are still ill-defined. In the present study we demonstrate that 12-LOX phosphorylation and subsequent enzymatic activity occurs after integrin β4 stimulation and Src kinase recruitment to the integrin subunit. Inhibition of Src activity by PP2 or Src dominant-negative mutants reduced 12-LOX tyrosine phosphorylation and 12(S)-HETE production in response to integrin β4 stimulation in A431 cells. The pertinent Src-targeted residues for 12-LOX activity were mapped to Y19 and Y614, where 12-LOX mutants Y19F and Y614F showed 70% less enzymatic activity. Furthermore, we have shown that the 12-LOX activity modulated by these residues impacts migration. To our knowledge, this is the first report that c-Src kinase activity is required for β4-integrin-mediated phosphorylation of 12-LOX.
Introduction
Integrins are heterodimeric cell adhesins that link the extracellular matrix to the cytoskeleton, where for example, the preferred extracellular ligands for integrin α6β4 are laminin-5 and laminin-1 [1] . In addition to providing a structural, adhesive function during cellular attachment to substrata, integrins also provide a signaling scaffold at the plasma membrane and within cellular compartments to promote protein complexes that direct cell proliferation, migration, differentiation, and survival [2] [3] [4] . The α6β4 integrin is intensively studied for its ability to promote invasion and metastases, and most recently, to direct exosomes to prepare metastatic niches [5] [6] [7] [8] [9] . The β4 cytoplasmic domain can be phosphorylated by both tyrosine and serine/threonine kinases on residues whose phosphorylation state regulates integrin interaction with intracellular cytoskeleton components and signaling intermediates [10] [11] [12] [13] [14] [15] .
Integrins can be regulated by phosphorylation through the action of the c-Src family kinases (SFKs), non-receptor protein tyrosine kinases that mediate signal transduction during cellular differentiation, adhesion and migration [16] [17] [18] . Motivated by the observation that integrin β4 has potential tyrosine phosphorylation sites in its cytoplasmic tail, Giancotti et al. revealed that β4 functions with SFKs as a binary receptor tyrosine kinase (RTK) that affects both activation and deactivation signals [19] . Previous studies identified residue Y1494 in the β4 cytoplasmic domain of α6β4 as a potential regulatory site of tumor cell functions [5] . Shaw et al. , demonstrated that mutation of Y1494 significantly inhibited overall tyrosine phosphorylation of the β4 subunit in response to α6β4 ligation, suggesting that this site could be a master regulator of α6β4 phosphorylation and signaling [14] . This is relevant as specific kinase-integrin combinations may reflect variability in downstream signaling cascades based on cancer type. For example, http://dx.doi.org/10.1016/j.yexcr.2016. 12.011 in a newly published study by Leng et al., it was determined that in the context of liver cancer the interaction between ITGB4 and EGFR activates AKT by using FAK instead of SRC [20] .
Previously, we described an interaction between the integrin β4 cytoplasmic domain and the eicosanoid enzyme, 12-Lipoxygenase (12-LOX; ALOX12) [21] . We subsequently validated the physiological relevance of this interaction in mammalian cancer cells, by demonstrating that stimulation of the adhesin recruits 12-LOX to integrin β4 leading to enzymatic metabolism of arachidonic acid and subsequent 12(S)-HETE production [22] .
12-LOX is expressed in a variety of tumor cells. Its mRNA has been detected in erythroleukemia, colon carcinoma, epidermoid carcinoma, human glioma, and breast cancer cells [23] . The enzyme is also actively expressed in cancer cell lines that produce 12(S)-HETE [24] [25] [26] [27] [28] [29] [30] . There is compelling evidence for 12-LOX as a key regulator of human cancer development. It is over expressed more frequently in advanced stage, high-grade cancer, which suggests an association with carcinoma progression and invasion in vivo [28, 31] . We demonstrated previously that 12(S)-HETE is involved in the proliferation of prostate carcinoma cells [32, 33] , and that inhibition of 12-LOX causes apoptosis of these cells [34] . In an in vivo mouse model, PC3 cells stably over-expressing 12-LOX promoted enhanced tumor growth and angiogenesis [28] .
Like protein cytokines such as IL-6, the bioactive lipid metabolite, 12(S)-HETE is a fundamental pro-inflammatory activator. It signals through NF-κB and AKT to produce proteases, promote angiogenesis, facilitate migration, and shield cancer cells from apoptosis with prosurvival programs that lead to such phenotypes as radiation resistance [22, 23, [35] [36] [37] [38] [39] .
The present study provides mechanistic insight into the regulatory functions provided by β4 integrin ligation vis-à-vis c-Src kinase activity and 12-LOX signaling events. The biochemical activation was modeled using human epidermoid A431 cells, where the cDNA sequence of endogenous 12-LOX is identical to platelet-type 12-LOX [40] . The data demonstrate that c-Src increases 12-LOX tyrosine phosphorylation, but in an integrin-dependent manner, leading to increased lipoxygenase activity and cell migration in vitro. This provides additional insight into the regulation of 12-LOX by β4 integrin and its role in cancer progression.
Materials and methods

Materials
A431 (Human epithelial carcinoma) and HEK293 (Human embryonic kidney) cell lines were obtained from ATCC (Manassas, VA) and used at low passage within four years of purchase. HUVECs (Human Umbilical Vein Endothelial Cell) were from Lonza (Walkersville, MD). Recombinant c-Src active protein was from Millipore (Billerica, MA). 15-HETE-d8, arachidonic acid-d8 and arachidonic acid (AA) were from Cayman Chemical (Ann Arbor, MI). All other reagents were of analytical grade and from SigmaAldrich (St. Louis, MO).
Antibodies
For Western blotting and immunoprecipitation, antibodies used were as follows: 12-LOX (Oxford Biomedical Research, Rochester Hills, MI), Phosphotyrosine-20 (BIOMOL, Plymouth, PA), Phosphorylated cSrc-Y418 (pSrc) (Invitrogen), c-Src (Cell Signaling), Phospho-specific Integrin β4-Y1494 (ECM Biosciences, Versailles, KY), β4 integrin subunit (BD Pharmingen), and actin (Chemicon, Billerica, MA). An antibody to integrin β4 (3E1) for immunoprecipitation and integrin stimulation [41] was also obtained from Chemicon.
SDS-PAGE and Western blotting
Cells were extracted in lysis buffer [42] . Protein was separated by 10% SDS-PAGE, and transferred to nitro-cellulose membranes. Blots were then probed with indicated antibodies and developed by enhanced chemiluminescence (Pierce) according to the manufacturer's instructions. Image intensity was quantified with AlphaEase software accompanying the Alpha Innotech Fluorchem digital imaging system (ProteinSimple San Jose, CA).
Immunoprecipitation
Whole cell, chemical lysates (typically 500 μg protein) of A431 or HEK293 cells were pre-cleared with protein G beads before incubating with a specific antibody overnight, which was followed by the addition of protein G beads for 1 h. Beads were washed with immunoprecipitation (IP) wash buffer before being boiled with SDS sample buffer and subjected to SDS/PAGE and Western blotting.
Analysis of 12-LOX phosphorylation
For metabolic radio-labeling with 32 PO 4 , cells were cultured in phosphate-deficient medium (GIBCO) for 1 h following overnight serum starvation. After 1 h, 32 PO 4 was added at 1 mCi/ml and cells were incubated for an additional 2 h. Cells were then stimulated with β4 mAb (5 μg/ml) for 5, 15, 30, 60 and 90 min. The reactions were terminated and cells were extracted with lysis buffer as described above. Samples were immunoprecipitated with 12-LOX antibody, resolved by SDS-PAGE (4-20% gradient) and transferred to PVDF membranes. Blots were exposed to X-ray film, developed, and subsequently redeveloped by immunoblot with P-12-LOX antibody for confirmation.
Measurement of c-Src phosphotransferase activity -kinase assay
After β4 ligation, cell lysates were subjected to immunoprecipitation with β4 integrin antibody, and associated Src activity was measured using [γ 32 P]-ATP with a Src-specific peptide substrate (Upstate Biotechnology, Inc., Lake Placid, NY) as per manufacturer's recommendations. Reaction products were read in a scintillation counter.
Measurement of 12-Lipoxygenase activity by LC-MS in A431 and HEK293 cells
Enzymatic activity of 12-LOX was determined by measuring 12(S)-HETE production by liquid chromatography-mass spectrometry (LC-MS). Parental and transfected cell lines (5×10 6 cells; A431 or HEK293, and respective transfectants) were grown to 90% confluence in 100 mm Petri dishes and serum-starved overnight prior to experimental use. Cells were washed with PBS and pretreated with different inhibitors, followed by stimulation with either β4 antibody (1 μg/ml), laminin (1 μg/ml), or control IgG (1 μg/ml) along with addition of 10 μM arachidonic acid in serum-free DMEM medium. After 6 h, conditioned medium was collected and centrifuged. Supernatants were extracted for lipids by the method of Suzuki et al. [43] , supplemented with an internal standard (10 ng of 15-HETE-d8), and applied to washed ODSSilica cartridges. Lipid extracts were eluted from the cartridge with freshly redistilled ethyl acetate, evaporated under a stream of nitrogen and reconstituted in methanol. Before LC-MS detection, samples were supplemented with 50 ul of 50 mM ammonium acetate. Inhibitors baicalein and LY294002 were used at 20 μM, and PP2 at 5 μM.
transwell filters as described [44] . Filters were coated with Matrigel (BD Pharmingen) for invasion assay. Lipid extracts from conditioned media, described above, were reconstituted with EBM-2% FBS and added to the bottom chamber. HUVEC cells that were trypsinized and suspended in 0.1% BSA (4×10 5 cells/0.5 ml) were plated onto the filters and incubated. After 18 h, cells on the upper side of the membrane were removed. Cells penetrating the filter were stained with Cell Stain Solution (Chemicon) and imaged by bright field microscopy. Relative cell attachment was determined by absorbance measurements on acetic acid-extracted dye at 560 nm as per standard methods.
Site-directed mutagenesis for 12-LOX phosphorylation site
Based on the NetPhos algorithm, three putative tyrosine phosphorylation sites (Y19, Y295 and Y614) for 12-LOX were identified. Three primer pairs were designed to alter tyrosine to phenylalanine. Quik Change mutagenesis was performed using the primers listed below and according to the manufacturer's specifications (Stratagene, La Jolla, CA). The codon that was mutated is underlined:
12LOX-Y19F, 5′-ggctcttctccgggtcgtacaaccgcgtgcagctttg-3′; 12LOX-Y295F, 5′-atccgaggagagaagcaatacctggctgcccccctcg-3′; 12LOX-Y614F, 5′-gggcaccacaaagaaaaatatttctcaggccccaagc-3′. Incorporation of the mutation was confirmed by DNA sequencing at the Wayne State University Sequencing Core facility.
Transient transfection
HEK-293 cells were cultured in RPMI with 10% FBS and transiently transfected using Lipofectamine (Invitrogen) according to the manufacturer's protocols. Cells were transfected with either vector alone or the following individual plasmids encoding cDNA for: β4, 12LOX, 12LOX-Y19F, 12LOX-Y295F, or 12LOX-Y614F in combination with a plasmid encoding c-Src or dominant-negative mutant c-Src (pCMV5c-Src Y295R Y527F) (Addgene, MA). After transfection (48 h), cells were treated with 3E1 antibody for 30 min to ligate integrin β4, and cell homogenates were generated in cell lysis buffer for immunoprecipitation and immunoblot analysis.
Statistical analysis
Data are reported as mean ± S.D of at least three experiments. Comparisons between multiple groups were made by analysis of variance (ANOVA).
Results
Integrin ligation in A431 cells leads to tyrosine phosphorylation of integrin β4
Previously we demonstrated that ligation of integrin β4 either with an activating antibody (3E1) or natural ligand (laminin) prevented human epidermoid carcinoma A431 cells from undergoing apoptosis [45] . This is in large part due to the action of the arachidonate metabolite, 12(S)-HETE that is produced on 12-LOX recruitment and activation by the ligated integrin; a new paradigm that we characterized previously by immunofluorescence [22] . In order to understand the integrin β4 signaling pathway further, we examined whether tyrosine phosphorylation of β4 integrin is dependent on ligation as was observed in another system [10] . After stimulation with either laminin, 3E1 antibody, or control IgG, integrin β4 was immunoprecipitated from A431 cell lysates and subsequently probed for phosphorylation by immunoblot with PY20 antibody. The results indicated that there was a significant difference in integrin β4 phosphorylation between treated and untreated cells (Fig. 1A , B and C). Dutta et al. reported that Y1494-β4 is likely a master regulator of integrin phosphorylation and signaling [5] . Therefore, to determine whether Y1494 is also phosphorylated in A431 cells after β4 ligation, the integrin was again immunoprecipitated and immunoblotted with phospho-specific antibody for this phosphorylated residue (Y1494), (Fig. 1D and E) . When compared to IgG control, a significant increase in tyrosine phosphorylation of integrin β4 at Y1494 in response to integrin ligation was seen (Fig. 1F) . To confirm this, we performed a reciprocal immunoprecipitation with the phospho-specific antibody to integrin β4 (Y1494) followed by immunoblot analysis with antibody to full-length β4 (Fig. 1G) .
Ligation of integrin β4 modulates c-Src phosphorylation and its activity
Prior reports have indicated that α6β4 signaling is mediated by a pSFK [46] . To determine whether β4 stimulation induces c-Src activation in A431 cells, cell lysates were immunoblotted with antibody to phospho-Src (Y418), as it has been shown that an increase in Y418 phosphorylation of c-Src is associated with its activity [47] . The antibody detected a 60 kDa band suggesting that in A431 cells, β4 ligation induced the activation of c-Src (Fig. 2A, B, C) . We next examined whether the integrin physically associates with pSrc in A431 cells after β4 ligation by performing an immunoprecipitation with β4 antibody followed by immunoblotting with pSrc antibody (Fig. 2D) . The blots were reprobed for integrin β4 to ensure that equal amounts of the integrin were immunoprecipitated across all samples (Fig. 2E) . To verify the interaction, a reciprocal immunoprecipitation was performed on cell lysates with pSrc antibody followed by immunoblot with β4 antibody. The results suggested that integrin β4 stimulation augments its association with pSrc (Fig. 2F) . To assay β4-associated c-Src activity, cell lysates were immunoprecipitated using the β4 antibody, and integrin-associated pSrc kinase activity was measured in vitro. pSrc activity was significantly higher under conditions where integrin β4 was ligated with stimulating antibody (3E1) compared to IgG control or to pSFK inhibitor, PP2 (Fig. 2G) . These results suggest that β4 ligation induces the association between integrin β4 and pSrc, leading to enzymatic c-Src activation in A431 cells.
pSrc-dependent phosphorylation of 12-LOX leads to increased 12(S)-HETE production
Next we examined whether integrin β4-mediated activation of c-Src influenced the phosphorylation status of 12-LOX. First, cell lysates from laminin-treated, 3E1 antibody-treated, or IgG control cells were immunoprecipitated with 12-LOX antibody followed by immunoblot analysis with PY20 antibody (Fig. 3A) . Phosphorylation of 12-LOX was increased on integrin stimulation. Likewise, 12-LOX was more abun- . β4-ligated cell lysates were immunoprecipitated with pSrc antibody and immunoblotted with β4 antibody (F). β4-ligated cell lysates were immunoprecipitated with β4 antibody, and the immune complex was subjected to an in vitro Src kinase assay. Its activity was measured by assaying a c-Src specific peptide (Upstate Biotechnology) for incorporation of radio-labeled phosphate from [γ 32 P] ATP (G). Reaction products were read in a scintillation counter.
A.-k. Dilly et al.
Experimental Cell Research 351 (2017) 1-10
dant in PY20 antibody immunoprecipitates under integrin ligation conditions (Fig. 3B) . We have shown previously that integrin β4 ligation activates PI3 kinase in A431 cells [45] . Therefore, to determine whether phosphorylation of 12-LOX is regulated through c-Src or the PI3 kinase pathway, we preincubated the cells in the presence of either the PI3K inhibitor, LY294002, or Src kinase inhibitor, PP2, followed by integrin β4 ligation. The resulting immunoprecipitation and immunoblot indicated that phosphorylation of 12-LOX was inhibited by PP2, whereas LY294002 (data not shown) failed to inhibit the β4-ligationinduced phosphorylation of 12-LOX (Fig. 3A) . This result was confirmed by reciprocal immunoprecipitation under the same conditions, and probing with PY20 antibody followed by immunoblot analysis with 12-LOX antibody (Fig. 3B) . Taken together, these results suggest that increased 12-LOX tyrosine phosphorylation is dependent on c-Src kinase and is independent of PI3K kinase. Phosphorylated 12-LOX exhibits elevated activity resulting in higher 12(S)-HETE levels [48] [49] [50] . To determine whether 12-LOX phosphorylation, resulting from integrin β4 ligation, leads to 12-LOX activation, the enzymatic activity of 12-LOX was determined by LC-MS analysis of 12(S)-HETE. Conditioned RPMI medium from cultured A431 cells that were treated with or without the c-Src kinase inhibitor PP2 for 2 h, and either control IgG, laminin, or 3E1, along with 10 μM AA (6 h) was analyzed as described in experimental procedures. A significant increase in 12-LOX phosphorylation and activity was observed in culture supernatants during integrin β4 ligation compared to the IgG-treated control. Furthermore, the level of inhibition of 12-LOX activity by PP2 was comparable to that seen by a known 12LOX inhibitor, baicalein, and was significant compared to untreated cells (Fig. 3C ). As our experimental results showed that phosphorylation of 12-LOX and its subsequent activity is inhibited by PP2, we wished to confirm the result using c-Src wild type (WT) or dominant negative (DN) expression constructs in combination with integrin β4 and 12-LOX. Integrin β4 ligation was induced in transfected HEK293 cells that lack endogenous β4 and 12-LOX. Thereafter, cell lysates were im- Fig. 3 . pSrc-dependent 12-LOX phosphorylation and activity. Cells were treated with IgG, 3E1 or laminin in the presence of PP2 (5 μM), and lysates were subjected to immunoprecipitation with 12-LOX antibody followed by immunoblotting with PY-20 antibody (A). The blot was reprobed with 12-LOX antibody. Reciprocal immunoprecipitation with PY20 antibody and immunoblot with 12-LOX antibody (B). Cells were initially treated with or without inhibitors, followed by stimulation with β4 antibody, or control IgG. They were then exposed to arachidonic acid (10 μM) in serum-free RPMI for 6 h. Medium was analyzed for 12(S)-HETE by LC/MS. (C). β4 and 12LOX in combination with either WT c-Src or DN c-Src were transfected in HEK293. After β4 ligation, cell lysates were immunoprecipitated using 12-LOX antibody and immunoblotted with PY20 antibody (D). The blots were reprobed for 12-LOX. Lanes are loaded with 20 μg of cellular extracts from the transient transfections (E). HEK293 transfectants were stimulated and exposed to arachidonic acid (10 μM) in serum-free RPMI.
Medium was collected for analysis of 12(S)-HETE by LC/MS after 6 h (F).
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munoprecipitated using the 12-LOX antibody, followed by immunoblot with PY20 antibody and the blot was reprobed for 12-LOX. As evident, on β4 ligation, 12-LOX tyrosine phosphorylation is significantly lower in the presence of DN-c-Src when compared to WT c-Src transfected HEK293 cells (Fig. 3D) . The interaction of 12-LOX with integrin β4 was largely unaffected by altering Src (Fig. 3E) . In addition to preventing tyrosine phosphorylation of 12-LOX, DN-c-Src also inhibited its activity (Fig. 3F) . Collectively, these results suggest that β4 ligation induces c-Src-mediated tyrosine phosphorylation of 12-LOX that leads to enzymatic activation and 12(S)-HETE production, but that 12-LOX-integrin association is independent of Src.
Effect of secreted 12(S)-HETE from A431 β4 ligation on HUVEC migration
12(S)-HETE is a known stimulus for angiogenic processes. It serves as a mitogen of endothelial cells and can induce expression of integrin αvβ3, as well as endothelial retraction and wound healing [38] . As we observed that β4 ligation enhances 12-LOX phosphorylation and subsequent activity leading to elevated 12(S)-HETE production, we evaluated whether Src kinase inhibitors could alter the A431-secreted mileu vis-à-vis 12(S)-HETE production to impact HUVEC migration. We found that solid-phase extracted lipids from conditioned medium (CM) of β4-ligated A431 cells did stimulate HUVEC cell migration (P < 0.05) when compared to supernatant extracts from cells stimulated with rabbit IgG (Fig. 4) . Furthermore, lipid extracts from supernatants of A431 cells pretreated with PP2 or the 12-LOX inhibitor baicalein prior to integrin β4 ligation were unable to induce HUVEC migration, as seen in phase contrast images (Fig. 4) . These results suggest that integrin ligation in tumor cells can enhance HUVEC migration as a result of increased 12(S)-HETE production by phosphorylated 12-LOX, and that this paracrine effect of the tumor cell is due in part to the effects of c-Src. To test whether pSrc directly phosphorylates 12-LOX, we performed an in vitro phosphorylation assay. 12-LOX and pSrc were incubated in the presence of ATP and arachidonic acid-d8. The release of 12(S)-HETE-d8 in the presence of pSrc, but that was inhibited by PP2, provided evidence for direct phosphorylation and activation of 12-LOX by c-Src (Supplementary Fig 1A) . The outcome with the same reaction components was also examined on SDS-PAGE and immunoblot using PY-20 antibody to probe 12-LOX phosphorylation state (Supplementary Fig 1B) . These results suggest that tyrosine phosphorylation of 12-LOX by pSrc enhances its enzymatic activity, leading to enhanced production of 12(S)-HETE that can modulate endothelial cell migration.
Identification of 12-LOX tyrosine phosphorylation sites relevant to activity, induced by integrin β4 ligation
The NetPhos 2.0 protein phosphorylation prediction server, accessible through the Center for Biological Sequence Analysis at the Technical University of Denmark, returned predictions of potential tyrosine phosphorylation sites in 12-LOX using the algorithm of Blom et al. [51] . Based on the potential phosphorylation scores, tyrosine residues at amino acids 19, 295 and 614 were changed to phenylalanine. To validate these predicted sites, we constructed 12LOX-Y19F, 12LOX-Y295F and 12LOX-Y614F point mutants, and subjected these to an in vivo phosphorylation assay in HEK293 transfectants. The Y19F and Y614F mutants showed a 60-70% reduction in tyrosine phosphorylation relative to wild type when compared to the 12LOX-Y295F mutant (Fig. 5A ) implicating tyrosine residues 19 and 614 in 12-LOX activation. The amount of 12-LOX immunoprecipitated was consistent (Fig. 5B ). Reciprocal immunoprecipitation with PY20 antibody yielded less 12-LOX in those mutants (Fig. 5C ). Whole cell lysates were probed for 12-LOX, β4 and Src (Fig. 5D-F) . To examine the contribution of these two potential phosphorylation sites, we constructed a double mutant (DM) of Y19F and Y614F in 12-LOX. Expression constructs of the 12-LOX double mutant, c-Src and β4 integrin were transfected into HEK293 cells followed by ligation of β4 integrin. This resulted in a significant decrease in 12-LOX tyrosine phosphorylation and activity when compared to wild type 12-LOX ( Fig. 5G and K, respectively) . This implies that the phosphoresidues Y19 and Y614 of 12-LOX are important enzyme regulatory sites. Glutamicacid can mimic constitutive phosphorylation [52] . However, modification of tyrosine residues Y19 or Y614 to glutamic acid, did not Fig. 6 . Effect of PTPase activity on 12-LOX enzymatic activity. A431 cells were serum starved as described in experimental procedures. Cells were pretreated with or without 0.1 mM pervanadate followed by β4 ligation and conditioned medium was collected for 12(S)-HETE analysis by LC/MS. appear to mimic a phosphorylated state or lead to constitutive 12-LOX activation (data not shown).
To address the possible involvement of a protein tyrosine phosphatase (PTPase) in 12-LOX regulation, A431 cells were pre-treated with pervanadate prior to β4 ligation. Pervanadate is a cell permeable tyrosine phosphatase inhibitor that increases overall protein tyrosine phosphorylation. We found that 12-LOX activity, as measured by 12(S)-HETE production, was sustained in A431 cells in the presence of pervanadate when compared to untreated cells (Fig. 6 ). This finding suggests potential involvement of PTPase(s) in 12-LOX activity.
Effect of 12-LOX tyrosine phosphorylation and its role in migration
We observed that β4 ligation enhances 12LOX tyrosine phosphorylation and activity in A431 cells, leading to 12(S)-HETE production that was sufficient to induce HUVEC cell migration in trans. To address the role of the 12LOX-Y19 and Y614 sites in activity leading to autocrine tumor cell migration after β4 ligation, HEK293 cells were chosen to over-express 12LOX-Y19F, -Y614F, or the double mutant (DM) Y19F/Y614F in combination with β4 and c-Src. HEK293 migration was markedly reduced with mutant forms of 12-LOX ( Fig. 7 panels d-e) compared to cells expressing wild type 12-LOX ( Fig. 7 panel b ). These findings demonstrate that tyrosine phosphorylation of key components of the β4-cSrc-12LOX axis is necessary for cell migration.
Discussion
Accumulated evidence indicates that integrin β4 has an important role in tumorigenesis and tumor progression [6, 9, 53] . Together with 12-HETE, it has been found on cancer exosomes, as has c-Src [7, 54, 55] , and the ITGB4 pathway appears to be regulated by micro RNAs such as miR182-5p, which is also predicted to regulate Src [56] [57] [58] . These proteins contribute to overlapping networks as well [4] , where, for example, MMP9 induction can be seen by Src-mediated or ITGB4/12LOX-mediated signaling [16, 35] .
Prior reports have indicated that β4 signaling is mediated by pSFK [46] . Integrin β4 engagement of either its natural ligand or an activating antibody leads to tyrosine phosphorylation of the β4 cytoplasmic domain including residue Y1494 shown by Dutta et al. to regulate multiple signaling pathways important for tumor development [5] . Likewise, we found that pSrc associates with integrin β4 in A431 cells in response to laminin or 3E1 stimulation thereby increasing Src kinase activity. These results support earlier findings by Gagnoux-Palacios et al. where integrin ligation in keratinocytes led to the association of c-Src with β4 integrin and tyrosine phosphorylation [5, 59] .
Our findings that pervanadate could sustain increased 12(S)-HETE production when 12-LOX was phosphorylated on key residues, suggests that a regulatory protein tyrosine phosphatase activity is still at large. The dependence on Src kinase was validated using the c-Src inhibitor, PP2 and c-Src DN mutants. ALOX12 mutants of these key Src substrate residues (Y19F and Y614F) exhibited~70% less enzymatic activity as well as decreased migration when compared to wild type enzyme, which is in agreement with our previous findings that enzymatic activity and the subsequent 12(S)-HETE metabolite significantly impact endothelial cell migration and proliferation [60] .
This study has determined that an adaptor-type arrangement of integrin β4-associated c-Src kinase activity [61] led to Src-dependent 12-LOX activity and subsequent production of 12(S)-HETE in A431 cells. Furthermore, we have demonstrated that this impacted cell migration in an autocrine and paracrine fashion, as both HEK293 cells expressing 12-LOX, and HUVEC cells exposed to 12-LOX products, respectively, were ultimately influenced by 12-LOX phosphorylation status at the Src-responsive residues. This supports a role for this axis in aiding tumor cells through paracrine effects on endothelial cells in the microenvironment.
To our knowledge, this is the first report that c-Src kinase activity is required for integrin β4-mediated phosphorylation of 12-LOX and subsequent production of 12(S)-HETE. This is relevant beyond just the context of cancer growth and how tumors relate to their surrounding environment.
In virology, both the integrin and Src have been implicated in human papillomavirus (HPV) infection, where conditional integrin beta 4 knockdown in reproductive tissue demonstrably reduced the efficiency of infection [62] [63] [64] . The eicosanoids are actively being evaluated in this discipline and so the linkage to both the integrin and Src signaling are highly relevant [65] . In critical care, recent studies have found that the ITGB4 as well as the kinases are important for stretch injuries to the endothelium during ventilation, for example [66, 67] where 12-HETE also figures prominently [68] .
Other proteins such as syndecan-1 as well as tetraspanin CD151 that are known to regulate, relate to, or interact with ITGB4, are also implicated in diverse processes such as the examples used here of viral infection and cancer [69] , and also signal through Src [70] . This cohort of proteins has likewise been isolated together with the integrin in secreted microvesicles and exosomes [71] [72] [73] , where 12-HETE can also be found [54] , thereby implicating this axis in tissue programming.
Studies with an in vivo model will help to confirm the functional significance of specific phosphorylation of 12-LOX at Y19 and Y614 in cancer development and progression and this in turn may shed light on the role of the integrin/lipoxygenase/kinase interaction in other systems.
